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Electrochemical studies with tin electrodes in
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The electrochemical behaviour of tin in 0.5 M citric acid solution (pH = 1.8) was studied by means
of the potentiodynamic method. The E-I profiles show an anodic current peak associated with a
dissolution of the metal and the formation of a passivating film, and two cathodic current peaks which
are related to the reduction of soluble Sn(II) species and reduction of the film. During the potential
sweep in the cathodic direction, an anodic current peak can be observed and is interpreted in terms
of a reactivation process. The data suggest that the passivation of tin in this medium occurs by a
dissolution-precipitation mechanism. Depending on the potential sweep rate, the process is controlled
either by mass transport or by the solution resistance in the pores of the film.

1. Introduction

Tin is a moderately corrosion resistant metal, widely
employed in the production of tin can, soft solders,
bronze and other alloys. The knowledge of its electro-
chemical behaviour is, therefore, of considerable
interest. While numerous investigations of the behav-
iour of tin in alkaline solutions have been reported
{1-17], relatively few papers deal with the anodic
dissolution of tin in acid solutions [18-27]. Corrosion
under simulated food storage conditions in tinned
containers [28-32] has been investigated, as has the
effect of antimony on the corrosion of tin in deaerated
citric acid [32] and the behaviour of the tin-steel
couple in air-free citric acid solutions [31].

The present paper examines the potentiodynamic
behaviour of tin in deaerated citric acid solutions.

2. Experimental details

The working electrode, a disc with an apparent area of
0.8mm’, was constructed following the procedure
described by Sharpe and Meibhur [33]. A platinized
platinum electrode was used as the counter electrode,
and a reversible hydrogen elecirode (RHE), placed
in the same solution, was used for reference. All
potentials are quoted with respect to this electrode:
The electrolyte was a 0.5M citric acid solution,
which corresponds to a pH = 1.8. It was prepared
with analytical grade reagent and triple distilled water
and stored at low temperature to avoid decomposition.
Preceeding each experiment the working electrode
was polished with 600 emery-paper and suspensions of
alumina powder (0.3 um and 0.02 um, respectively),
following the usual metallographic procedure [34].
The electrode was then rinsed with distilled water,
dipped in the solution which had previously been
deaerated with purified nitrogen, and then cathodized
at —0.9V for 5 minutes to reduce any surface oxide.
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Hydrogen bubbles formed during the cathodic polariz-
ation were removed by purging with nitrogen for 30s.
After a 30 s rest an anodic potential sweep was applied
to the electrode. Each experiment was repeated at
least twice, and the potentiodynamic curves showed
good reproducibility.

The temperature was maintained at (25 + 1)°C.

3. Results and discussion

Fig. 1 shows a typical potentiodynamic E-I curve for
tin in 0.5 M citric acid solution. Hydrogen evolution
occurs for potentials more negative than — 0.5V, and
oxygen evolution begins at 3.0V. An anodic current
peak, a;, characteristic of passivation processes,
appears around 0.0V. At more positive potentials a
low intensity stationary current, which corresponds to
the passive state, is observed. Since oxygen evolution
occurs, it may be assumed that a conducting film is
formed. During the reverse scan a small cathodic
current peak, c,, appears near the potential where
hydrogen evolution initiates.

Figs 2, 3 and 4 show the potentiodynamic profiles
recorded at 0.1 Vs™!, for different anodic end point
potentials (E;,). When 02V < E;, < 0.7V the
anodic current peak aj; is observed during the reverse
potential scan (Figs 2b and 3b). This peak suggests the
occurrence of a reactivation process which will be
discussed later. A cathodic current peak, ¢, is
observed for E;, values between —0.1V and 0.7V.
Fig. 2 shows an increase of that current peak when E;,
is increased. In the range 0.3V < E;, < 0.7V, current
peak ¢, diminishes with increasing E;,; and for
E;, ~ 0.7V the appearance of cathodic current peak
¢, is apparent (Fig. 3b). As E;, varies from 0.7V to
1.1V, peak c; gradually disappears and peak ¢
prevails (Fig. 3b). The nature of these peaks will be
discussed later.

With increasing sweep rate the peak current at a,

0021-891X/90 $03.00 + .12 © 1990 Chapman and Hall Ltd.



TIN ELECTRODES IN CITRIC ACID SOLUTIONS 673

60

g

20

80
<
d 40
~ ok —

i
40
It | i 1 1 1 ] 1 1 1 ! )
-06 o o6 12 L8 24 30 Fig. 1. Potentiodynamic E-I profile of tin in 0.5 M citric acid,

£ (V against RHE)
(1,,,) increases, and the corresponding potential (£, , )
shifts to more positive values; the peak current at a;
(1,4,) diminishes and disappears for potential sweep
rates, v, higher than 0.5 Vs™!, the corresponding peak
potentials (£, ) shift to more negative values.

Fig. 5 shows that the anodic to cathodic charge
ratio (Q,/Q.) is greater than unity at low potential
sweep rates. This fact, and the shape of the cyclic
voltammogram, (Fig. 1), suggest an active dissolution-
passivation process [35]. Therefore, the anodic current
peak is indicative of two processes: the dissolution of
the metal and the formation of a film.

The cyclic voltammograms recorded with stirred
and unstirred solution, at = 0.1Vs™'and 12Vs™'
are compared in Figs 6 and 7, respectively. At low
values of o, current peak a, increases when the sol-
ution is stirred indicating a dissolution process. At
high sweep rates the hydrodynamic perturbation does
not change the profile of peak a;, presumably the
sweep rate is so fast as to negate the effects of the
enhanced hydrodynamics.

The potentiodynamic oxidation of tin in alkaline
solutions results in an E-I profile with two anodic
current peaks. According to several authors [5, 11],
SnO or Sn(OH), is formed in the first step, and
passivation with the formation of SnO, or Sn(OH),
occurs successively. The formation of SnO, by direct
oxidation of the metal is not thermodynamically and
kinetically favourable [16]. Since peak a; is also
increased when Sn’* ions are added to the solution
(Fig. 8), one may assume that dissolution of tin in
citric acid occurs in two steps and involves a Sn(II)
species.
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Fig. 2. The influence of the anodic switching potential, E; ,, on the
potentiodynamic profile; v = 0.1Vs™!; 4 = 0.8mm?. (a): (1)
—0.14; (2) —0.06; (3) 0.06; (4) 0.09. (b): (1) 0.21; (2) 0.26.

v=101Vs', 4 = 0.8mm?.

It is well known that tin undergoes hydrolysis at
pH = 1.5 [36, 37]; thus, it can be assumed that the
main steps of the anodic process are:

Sn — Sn(I) + 2e¢
Sn(II) = Sn(1V) + 2e

Sn(IV) + 4H,0 = Sn(OH), + 4H"*

Sn(OH)4 — Sn02 * xH20

The Sn(II) and Sn(IV) ions can form still unkown
species, which would yield Sn(OH),. Since this hydro-
xide is highly insoluble (solubility product, K, =
1 x 107%*) [36], it precipitates giving rise to a
passivating film. The last step is that of Sn{OH),
dehydration yielding SnO,. For this reaction AG =
—42kJmol™" [38], therefore the formation of the
Sn0O, « xH,0 species is thermodynamically favoured.

Figs 2b and 3a show that peak a; appears during
the negative scan, for 02V < E;, < 0.7V, and
v = 0.1Vs™'. Experiments at different potential
sweep rates, reversing the potential scan after peak a,
is formed, show that current peak a,, diminishes as v
increases (Fig. 9). Fig. 10 shows that for successive
potential scans in a potential range which allows the
formation of current peak a; and does not allow the
reduction to occur, peak a, always appears. However,
if £, is such that current peaks a; and ¢; are not
formed, the electrode remains passivated during the
successive scans (Fig. 11a). These facts suggest that
peak ¢; is related to the reduction of the film, and
the reactivation process can be attributed to the
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Fig. 3. The influence of E,, on the potentiodynamic E-I profile;
v = 0.1Vs™h; 4 = 0.8mm*. (a): (1) 0.26; (2) 0.42; (3) 0.63. (b): (1)
0.63; (2) 0.84; (3) 1.05; peaks ¢, and c;; region is detailed in the insert.



674

B. F. GIANNETTI ET AL.

160

2o

&0

I (ua)

-0.6 o 213 L2 18 2.4 30
£ {V against RHE)

Fig. 4. The influence of E,, on the potentiodynamic E-I profile;
v = 01Vs™; 4 = 0.8mm?; (1) 1.05; (2) 1.18; (3) 1.38; (4) 1.77;
(5) 2.52; (6) 2.91. Peak ¢, region is detailed in the insert.
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Fig. 5. The variation of the total charge with potential scan rate; (O)
anodic; (A) cathodic.

rupture of the film [39] and/or the active dissolution of
the metal in the presence of that film [9].

In Fig. 6 the potentiodynamic E-I profiles for
stirred and unstirred solutions are compared. It is seen
that hydrodynamic perturbation does not change
current peak, ¢;. This behaviour may be explained
assuming that current peak c; is related to the reduction
reaction of the interfacial species. Since peak ¢; shifts
to more negative potentials as E, , is increased (Fig. 4),
the reduction of the passive film takes place after the
occurrence of some ageing of that film.

The cyclic voltammograms obtained when the elec-
trode is subject to a repetitive triangular potential
sweep between E;, = 1.5V, which corresponds to a
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Fig. 6. The influence of stirring on the potentiodynamic E-I profile;
v =0.1Vs™"; 4 = 0.8mm?, (——) without stirring, (——) with
stirring; (8) E;, = 0.34V, (b) E;, = 1.5V.
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Fig. 7. The influence of stirring on the potentiodynamic E- profile;
v = 12Vs™!; 4 = 0.8mm% (——) without stirring, (——) with
stirring.
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Fig. 8. Potentiodynamic profile: » = 16Vs™'; 4 = 0.8mm?;
(—) Sn** present in the solution, (——) Sn** absent.

passive state, and E;, = —0.22V, just before the
appearing of peak ¢, (Fig. 11a), show that peak ¢, is
related to the reduction of a passive film. Fig. 11b
shows the voltammogram corresponding to the last
potential scan with E], = —0.9V. The presence of
current peaks ¢ and a, indicate that the film is reduced.

Current peak c;; changes with stirring (Fig. 6a),
showing that it corresponds to the reduction of tin
species present in the solution.

Current peak a, varies linearly with »'? for sweep
ratesin the range 0.01 Vs™' < v <0.2Vs~ (Fig. 12).
From the observations related to peak a,, this linear
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Fig. 9. Cyclic voltammograms with different potential sweep rates
at the a; current peak region; 4 = 0.8mm*; (a)v = 0.2Vs™!; (b)
v =0.075Vs™}; (©)v = 0.03Vs™'.
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Fig. 10. Cyclic voltammograms obtained with the schematized per-
turbation program; v = 0.1Vs™; 4 = 0.8mm’; E = —0.9V;
E,=052V,E,_ = E=—022V.

relation suggest that at low potential sweep rates this
peak is essentially originated by a dissolution process
controlled by diffusion. A non-protective film is
possibly formed [18].

Itis observed in Fig. 13 that both, [, and E,, vary
linearly with the square root of the potential sweep
rate for v > 8 Vs™'. Therefore, for high sweep rates,
the formation of the insoluble film can be described by
the dissolution-precipitation mechanism, controlled
by the solution resistance in the pores of the film, as
was proposed by Miiller and Calandra [35, 40].
According to this model, the resistance is relatively
small until 99% of the electrode surface is covered by
the film. Therefore, it seems reasonable to assume
that, at the current peak potential, the surface is
practically covered by the film. Since the recorded
anodic current is a result of two distinct contributions,
the degree of coverage cannot be evaluated from the
voltammograms. This evaluation is done by means of
the following equation [41]:

_ (nFpr ,
I = ( - ) AL — 0,)0 )

where M is the mass of the film formed by the flow of
nF Coulombs of charge, p is the film density, « the
specific conductivity of the solution, A4 the electrode
area and the surface coverage. Assuming that the film
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Fig. 11. Cyclic voltammograms obtained with the schematized
perturbation program; v = 0.1Vs™!; 4 = 0.8mm?; £, = —0.9V;
E,=E=15V,E, = —022V;E} = —09V.
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Fig. 12. Plots of I, against o* for peak a; v < 02Vs™! 4 =
0.8 mm?.

formed initially consists basically of SnO, [18], the
following numerical values are used in Equation 1:
p=~6gem > k=6x10°Sem "' and 4 = 8 x
1073 cm?.

From the slope of the straight line in Fig. 13
L, /" = 84.6 x 10 °(CS)* is obtained. Introducing
these values in Equation 1 results in 0, = 0.9989.
Therefore, the Miiller model is suitable for describing
the passivation of tin in citric acid media, in potentio-
dynamic conditions at high sweep rates.

In Fig. 14 the linear variation of the half peak width
potential (AE, ,) with v is shown. The linear relation-
ships illustrated in Figs 13 and 14 are predicted by the
nucleation-growth model for potentiodynamic con-
ditions when a rapid and irreversible nucleation
Process Occurs.

4. Conclusions

The potentiodynamic oxidation of tin in citric acid
medium, despite the simplicity of the E-I profile
obtained, is a complex process. The anodic current is
initially related to the formation of soluble Sn(II)
species, which are subsequently oxidised to Sn(IV).
The sharp fall of the current at the a; current peak is
attributed to the formation of a passivating film, orig-
inated by the hydrolysis of Sn(IV). At low potential
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Fig. 13. Plots of I, and E, against o! for peak a; v > 8Vs™;
A4 = 0.8mm?.
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Fig. 14. Change of AE, with v for peak a;; v > 8Vs™/; 4 =
0.8 mm?.

sweep rates the formation of the film is controlied by
diffusion, and at high sweep rates, by the electrical
resistance in the pores of the film. Instant nucleation
must occur with lateral growth.

The composition of the film cannot be determined
electrochemically, but the data suggest that the
passivation of tin is due to the formation of Sn(OH),
or SnQ,, a hypothesis supported by the literature [8].
The increasing stability of the film is due to the
dehydration of Sn(OH),. The film can undergo
rupture with metal exposure and further oxidation. In
Fig. 15 the mechanism of the process is shown
schematically.
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